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A highly conserved baculovirus late gene called odvp-6e was shown to be a structural protein that is specific for occlusion-
derived virus (ODV) envelopes. The complete sequence of this gene is presented for both Orgyia pseudotsugata nuclear
polyhedrosis virus (OpMNPV) and Cydia pomonella granulosis virus (CpGV). The predicted sizes of the OpMNPV and CpGV
ODVP-6E are 40, 241, and 38,655 respectively. The OpMNPV odvp-6e gene was transcriptionally mapped and was shown
to initiate from a consensus late gene motif, TTAAG, and is expressed from 18–120 hr postinfection. Polyclonal antiserum
was generated against a bacterial fusion protein and used to analyze the cellular steady-state levels of ODVP-6E and to
determine if this protein was a component of either budded virus (BV) or ODV. Western blots showed that ODVP-6E is a
component of the ODV but not BV. This was confirmed by immunoelectron microscopy of ODV from Autographa californica
NPV (AcMNPV) which localized ODVP-6E to the ODV envelope. The sequences of the odvp-6e gene from the baculoviruses
Choristoneura fumiferana NPV (CfMNPV), AcMNPV, and Helicoverpa zea NPV (HzSNPV) were obtained from GenBank.
Comparisons of the predicted amino acid sequences of OpMNPV, CpGV, AcMNPV, CfMNPV, and HzSNPV show that there
are two possible membrane-spanning domains and a cysteine-rich domain that are conserved in all of the proteins. q 1996
Academic Press, Inc.
INTRODUCTION virions are able to enter the midgut cells through membrane
fusion (Blissard and Rohrmann, 1990).
The Baculoviridae are double-stranded DNA viruses
Both BV and ODV contain proteins in common as well
that produce two distinct virion forms during the normal
as proteins that are specific for one form or the other
replication cycle: occlusion-derived virus (ODV) and bud-
(Braunagel and Summers, 1994). To date there have been
ded virus (BV) (Blissard and Rohrmann, 1990). BV is pro-
five viral proteins identified that are specific for the ODV
duced early in the infection process and is required for
form of baculovirus. This includes P74 (Kuzio et al., 1989),
spread of the virus throughout the host animal (Keddie
GP41 (Whitford and Faulkner, 1992), P25 (Russell and
and Volkman, 1985). BV is produced in the nucleus but
Rohrmann, 1993), VP17 (Funk and Consigli, 1993), and
is transported to the plasma membrane from which it
PDV-E66 (Hong et al., 1994). The functions of the ODV-
buds, acquiring a membrane and proteins such as gp64
specific proteins are not known but it is likely some are
(envelope fusion protein, EFP), which is BV specific and
involved in the packaging of viral particles into occlusion
is essential for cell to cell movement (Monsma and Blis-
bodies, as well as being required for the infection pro-
sard, 1995; Volkman et al., 1984).
cess upon ingestion by host insects (Rohrmann, 1992).
The second viral form, ODV, is produced at very late
For example, occlusion bodies derived from recombinant
times postinfection. For NPVs, ODV forms within the nu-
Autographa californica nuclear polyhedrosis virus
cleus of the infected cell and becomes occluded within a
(AcMNPV) that have deleted parts of the p74 gene are
paracrystalline structure called the polyhedra. Upon inges-
not orally infectious when fed to Trichoplusia ni larvae
tion by an insect the alkaline environment of the midgut
(Kuzio et al., 1989).
will dissolve the polyhedra, releasing the enveloped virion
In this report we describe the identification of an ODV-
bundles (containing one or many virions). The released
specific protein that is associated with the envelope of
occluded virions. We have named this protein ODVP-6E,
The nucleotide sequence data reported in this article have been for occlusion-derived viral protein-6 envelope, as it is the
deposited with the GenBank nucleotide sequence database under Ac-
sixth baculovirus protein, along with P74, GP41, P25, VP17,cession Nos. U44895 and U44847.
and PDV-E66 shown to be specific for ODV, and in addition1 To whom correspondence and reprint requests should be ad-
dressed. is localized to the envelope. We present the odvp-6e nucleic
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acid and predicted amino acid sequence of the Orgyia Sequenase (Amersham) and the chain termination
method of Sanger et al. (1977). Sequence from both DNApseudotsugata nuclear polyhedrosis virus (OpMNPV) and
Cydia pomonella granulosis virus (CpGV) genes. The ho- strands was determined and computer sequence analy-
ses were performed using UWGCG (Devereux et al.,mologous genes have also been sequenced in AcMNPV
and Choristoneura fumiferana NPV (CfMNPV) and partially 1984), GeneWorks (IntelliGenetics, Inc.), and DNA Strider
(Marck, 1988).in Helicoverpa zea NPV (HzSNPV). Comparisons of the pre-
dicted amino acid sequences show that this is a highly
Primer extension, S1 nuclease mapping protectionconserved baculovirus structural protein.
assays
MATERIALS AND METHODS Primer extension assays were performed as described
previously (Theilmann and Stewart, 1991). A 16-base oli-Cells and virus
gonucleotide 5*-GTACACCTTGTTGACG-3* was used as
OpMNPV virus was propagated in Lymantria dispar a primer for mapping the 5* ends of the OpMNPV odvp-
cells (Ld652Y) maintained in TC-100 media as previously 6e early and late mRNAs, respectively. S1 nuclease map-
described (Theilmann and Stewart, 1991). Time course ping assays were also used to map the 5* and 3* ends
studies of OpMNPV infection were analyzed by infecting of OpMNPV odvp-6e transcripts as previously described
Ld652Y cells at a m.o.i. of 10–20 with the 0 hr postinfec- (Theilmann and Stewart, 1991).
tion (p.i.) time point defined as the time after the virus
was allowed to adsorb to the cells for 1 hr. Other viruses Expression of ODVP-6E in Escherichia coli and
used were described by Crook and Payne (1980) (AsGV, production of anti-ODVP-6E antisera
SlNPV), Crook et al. (1982) (LoGV), Crook et al. (1985)
A DNA fragment containingamino acids 34 to 374 of(CpGV), Allaway and Payne (1984) (MbMNPV, AsMNPV),
the odvp-6e ORF was cloned into the pGEX-2T expres-or from isolates originally obtained from F. Hunter (SlGV),
sion vector at the SmaI site (Smith and Johnson, 1988).M. Martignoni (CvGV), R. Rose (PxGV), H. Stockdale
A glutathione S-transferase-ODVP-6E fusion protein was(TnGV), R. Teakle (HpGV), and R. Hu (BsNPV).
expressed in E. coli DH5a cells by induction with isopro-
pyl-b-D-thiogalactopyranoside and the fusion protein wasRNA isolation and Northern blots
affinity purified. Rabbit polyclonal antisera were pro-
Total RNA from OpMNPV-infected Ld652Y cells was duced against the purified fusion protein using standard
prepared as previously described (Theilmann and Stew- techniques (Harlow and Lane, 1988). The rabbit anti-
art, 1991). Northern blots (5 mg total RNA per lane in ODVP-6E polyclonal antisera were used directly without
agarose gels containing 1.25% formaldehyde) were pre- further purification.
pared according to Thomas (1983) and hybridized to sin-
Protein preparation, Western blotting, andgle-stranded RNA probes at 607 in 61 SSC (11  0.15
immunoelectron microscopyM NaCl, 0.015 M NaCitrate, pH 7.0), 51 Denhardt’s solu-
tion (11  0.02% polyvinylpyrolidone, 0.02% bovine se- OpMNPV-infected or transfected Ld652Y cells for anal-
rum albumin, 0.02% Ficoll 400), 0.1% sodium dodecyl sul- ysis by Western blot were harvested by scraping off
fate (SDS), 100 mg/ml denatured salmon sperm DNA, monolayers with a rubber policeman and collected by
100 mg/ml yeast RNA, and 10% polyethylene glycol (mo- low-speed centrifugation (3000 rpm for 5 min). The cell
lecular weight, 8000). 32P-labeled single-stranded RNA pellet was washed once with 1 ml phosphate-buffered
probes complementary to odvp-6e mRNA were synthe- saline (80 mM Na2HPO4 , 20 mM NaH2PO4 , 100 mM NaCl,sized in vitro using T3 or T7 RNA polymerases (Sambrook pH 7.5), resuspended in 100 ml protein sample buffer
et al., 1989). After hybridization the blots were washed (PSB; 0.125 M Tris–HCl, pH 6.8, 2% SDS, 10% glycerol,
twice in 0.11 SSC and 0.1% SDS at 757 followed by 5% 2-mercaptoethanol, 0.001% bromophenol blue), and
exposure to Kodak XAR films with an intensifying screen. sheared with a 25-gauge needle. Proteins were boiled
and subjected to 10 or 12% polyacrylamide gel electo-DNA sequencing
phoresis containing SDS (SDS–PAGE) (Laemmli, 1970)
and electrophoretically transferred onto nitrocellulosePlasmid clones containing the odvp-6e were obtained
from cosmid clones of both OpMNPV (Leisy et al., 1984) (Amersham) or Immobilon-P (Millipore) membranes us-
ing a LKB Novablot semidry transfer apparatus using theand CpGV (Crook et al., 1993) genomes. Overlapping
deletion subclones of the OpMNPV and CpGV odvp-6e manufacturers specifications. Normally, total cell protein
from 2.5 to 5.0 1 104 cells was analyzed per sample. Thegene region to be used for sequencing were generated in
plasmid vectors using ExoIII and Mung Bean nucleases Western blots were incubated with polyclonal ODVP-6E
antisera at a 1:10,000–1:20,000 dilution. Antigen–anti-(Sambrook et al., 1989; Yanisch-Perron et al., 1985). All
sequencing reactions were done with double-stranded body complexes were detected using a peroxidase-con-
jugated secondary antibody (1:10,000–1:20,000 dilution;DNA plasmid templates (Toneguzzo et al., 1988) using
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Jackson Laboratories) and visualized using the enhanced suggested that odvp-6e represented a baculovirus late
gene since expression initiates at the onset of viral DNAchemiluminescence system (Amersham).
Fractionation of occluded virions was performed using replication, which in OpMNPV-infected Ld652Y cells is
at approximately 18 hr p.i. (Bradford et al., 1990).the method described by Gombart et al. (1989). Polyhedra
(approximately 1 mg) were heated at 707 for 20 min in The odvp-6e transcript was mapped using 5* and 3* S1
nuclease protection assays and primer extension assaysH2O. Heat-treated polyhedra were pelleted and dissolved
in 100 ml of dilute alkaline saline (DAS; 0.1 M Na2CO3 , 5.0 (Fig. 3). 5* S1 nuclease protection assays using a 196-
base probe (Fig. 1a) resulted in protected fragments ofmM NaCl) at 607 for 10 min and chilled on ice. Insoluble
material was pelleted at 12,000 g for 10 min, and the 91 and 196 bp (Fig. 3B). The smaller protected band
would map the 5* transcriptional initiation site to a con-supernatant (DAS-S) removed. The pelleted samples
were resuspended in 150 ml of 10 mM Tris–HCl (pH 7.5) sensus late gene start site, TTAAG. The protection of the
entire 196-bp 5* S1 probe indicates that a longer tran-and divided into three fractions. One fraction was left
untreated (DAS-P). The second fraction was incubated script also exists. This transcript likely corresponds to
the 5.0-kb transcript observed by Northern blot analysiswith 0.5% SDS at 607 for 5 min, cooled to room tempera-
ture, and pelleted at 12,000 g for 10 min. The supernatant (Fig. 2). The mapping of the 5* end of this longer transcript
was not performed.(SDS-S) was removed and the pellet (SDS-P) was resus-
pended in 50 ml 10 mM Tris–HCl (pH 7.5). The third To confirm the 5* S1 nuclease protection assays,
primer extension assays were performed using a 16-DAS-P fraction was incubated with 0.5% SDS and 1% 2-
mercaptoethanol at 607 for 5 min, cooled to room temper- base primer complementary to a region at the 5* end of
the ORF (Fig. 1). Figure 3A shows that the primer exten-ature, and centrifuged at 12,000 g for 10 min. The super-
natant (ME-S) was removed and the pellet (ME-P) was sion product maps the transcriptional initiation site to the
first A of the TTAAG motif.resuspended in 50 ml 10 mM Tris–HCl (pH 7.5). Each
fraction was mixed with an equal volume of 21 PSB and The 3* end of the odvp-6e transcript was mapped using
a 818-base probe for S1 nuclease protection assays (Fig.boiled for 3 min prior to separation on SDS–PAGE.
For immunoelectron microscopy thin sections of 1a). At late times postinfection two protected fragments
of 106 and 195 bases were observed (Fig. 3C). The 106-AcMNPV polyhedra and preoccluded virions from in-
fected Sf21 cells were immunogold labeled as described base fragment would map a 3* end for the odvp-6e tran-
script 14 bases downstream from a AATAAA polyadenyl-previously (Flipsen et al., 1993) using OpMNPV ODVP-
6E antisera at a 1:1000 dilution. ation signal sequence which is located adjacent to the
stop codon of the ORF. The 195-base protected fragment
maps a second 3* end 116 bases from the end of theRESULTS
ORF. A possible polyadenylation signal sequence, AT-
TAAA, is located 19 bases upstream from this terminationThe odvp-6e gene was originally identified when
OpMNPV ie-1 was sequenced (Theilmann and Stewart, site (Fig. 1b).
The results of the mapping data would predict tran-1991). A partial open reading frame (ORF) was observed
3* to ie-1 and was found to be very similar to a partial scripts of 1192 and 1281 bp (not including the poly(A)
sequence) that would encode the odvp-6e ORF. The rela-ORFin the same location in the AcMNPV genome (Guar-
ino and Summers, 1987). Due to the conserved nature tive intensityof the 5* S1 nuclease protected fragments
indicated that the 1.2-kb transcript would be the predomi-of this ORF we sequenced the entire ORF of OpMNPV.
A schematic of the OpMNPV gene region is shown in nant mRNA species. The 1.2-kb transcript detected on
Northern blots agrees quite well with these results. TheFig. 1a, showing the location of the ORF relative to the
ie-1 gene. Translation of the ORF from the DNA sequence two 3* ends would predict two transcripts that differ by
90 bases, which would not resolve on the Northern blot(Fig. 1b) predicts that this gene would code for a protein
with a Mr of 40,241. The ORF adjacent to the 5* end of system used.
To study the expression of odvp-6e in more detail,the odvp-6e ORF is not found in AcMNPV and will be
described elsewhere. we produced a polyclonal antibody to this gene using a
bacterial fusion protein. This antibody was used to ana-To determine if and when odvp-6e is expressed during
infection Northern blots were performed using RNA iso- lyze ODVP-6E expression in infected cells and to confirm
the predicted size of this protein. A Western blot timelated from OpMNPV-infected Ld652Y cells (Fig. 2). Ex-
pression of odvp-6e was not detectable before 18 hr p.i. course analysis of ODVP-6E was performed which is
shown in Fig. 4. No viral proteins were detected at earlyA 1.2-kb transcript was detected at 18 hr p.i. that in-
creased in steady-state levels until 48 hr p.i. and then times p.i. (18 hr p.i.) but two infected-cell-specific pro-
teins of approximately 43 and 46 kDa were easily de-declined but remained detectable up to 120 hr p.i. In
addition, a transcript of approximately 5.0 kb was also tected by 36 hr p.i. and increased in relative steady-
state levels up to 96 hr p.i. (Fig. 4a). ODVP-6E were alsodetectable. This transcript followed a similar time course
but appeared to be present at lower levels. These results detectable at 18 and 24 hr p.i. if blots were overexposed
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FIG. 1. Genomic location and sequence of the OpMNPV odvp-6e gene. (a) Schematic diagram of odvp-6e that is located between the OpMNPV
ie1 and an OpMNPV specific gene. The locations of the 5* and 3* probes used for S1 nuclease protection assays are shown along with the size
in nucleotides of the protected fragments. The location of the primer used for primer extension analysis is also shown. The locations of the ODVP-
6E mRNAs based on the mapping data are schematically shown at the bottom. (b) The nucleotide and amino acid sequence of odvp-6e. The
transcriptional start site is indicated by the arrow and the consensus late transcriptional motif is boxed. The oligonucleotide sequence used for
primer extension mapping for the 5* transcriptional start site is shown (double underline). The 3* polyadenylation signal sequences are boxed and
the 3* ends of the odvp-6e mRNAs are indicated (*). The IE1 amino acid sequence is shown at the 3* end as well as the OpMNPV specific ORF
at the 5* end. Polyadenylation signal sequences associated with these two genes have also been boxed.
AID VY 7799 / 6a13$$7799 02-29-96 21:31:13 vira AP: Virology
152 THEILMANN ET AL.
protein product may represent a structural component of
OpMNPV and therefore both BV and ODV were analyzed
for the presence of this protein. ODVP-6E was not de-
tected in BV (Fig. 4c) but it was found to be associated
with ODV (Fig. 4d). The virions from ODV were fraction-
ated using the procedure described by Gombart et al.
(1989). This procedure shows that the ODVP-6E fraction-
ates predominately with the virions (DAS-P, Fig. 4d) upon
liberation by alkali. DAS-P containing the ODV virion bun-
dles and polyhedral envelopes were treated with either
SDS or SDS and b-mercaptoethanol to determine if
ODVP-6E is associated with the ODV capsid–virion enve-
lope structure or polyhedral envelope. The majority of
FIG. 2. Northern blot analysis of OpMNPV odvp-6e expression in the ODVP-6E is solubilized from DAS-P by treatment with
OpMNPV-infected Ld652Y cells at various times p.i. Total RNA (5 mg SDS (Fig. 4d, compare lanes SDS-S and SDS-P). This
per lane) was hybridized to a single-stranded RNA probe generated
suggests that ODVP-6E is associated with the ODV cap-from the ClaI–PstI restriction fragment at the 3* end of the odvp-6e
sid–virion envelope structure. The two cellular bandsORF (Fig. 1a). Numbers above the lanes indicate hr p.i.; M, mock-
infected cells. Numbers to the right indicate sizes of the odvp-6e tran- (Fig. 4a) that cross-reacted with the ODVP-6E antisera
scripts; numbers to the left represent the sizes (in kilobases) of marker were not detectable in the ODV protein samples.
RNAs. The sequence of the homologous gene in AcMNPV
has been determined (Ayres et al., 1994; Elton and Sum-
(Fig 4b). The size of these proteins agrees closely with mers, 1994; Guarino and Summers, 1987). The predicted
the predicted size of 40.2 kDa and in addition its temporal AcMNPV protein is highly homologous to the OpMNPV
pattern corresponds to the Northern blot data. The anti- gene, showing 69.8% identity (Table 1), which suggested
sera also reacted very strongly with two cellular proteins that the OpMNPV ODVP-6E antisera may cross-react with
of 70 and 28 kDa but the reason for this strong cross- the AcMNPV ODVP-6E protein. This was tested by West-
reaction is unknown. ern blot analysis and Fig. 5 shows that the antisera cross-
reacted strongly with a 40.0-kDa protein in infected cellsSince odvp-6e is a late gene, it suggested that the
FIG. 3. Transcriptional mapping of OpMNPV odvp-6e. (A) Primer extension analysis of the odvp-6e transcript using the primer shown in Fig. 1b.
The sequencing ladder was generated using cloned odvp-6e template DNA and the same labeled primer that was used for the primer extension.
Numbers above the lanes indicate hr p.i. (B) 5* and (C) 3* S1 nuclease protection assay of odvp-6e using end-labeled probes (Fig. 1a). Arrows to
the right indicate the size in bp of the resultant protected fragments. Sequence ladders for molecular size determination were generated using
M13mp18 DNA.
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FIG. 4. Western blot analyses of OpMNPV ODVP-6E. (a) Time course of ODVP-6E expression in OpMNPV-infected Ld652Y cells. Total cell protein
from 5 1 104 cells was electrophoretically separated by 10% SDS–PAGE. Proteins were transferred by Western blot to membranes followed
by incubation with ODVP-6E polyclonal antisera (1:10,000). Bound antibody was detected using a peroxidase-linked secondary antibody with a
chemiluminescent substrate. Numbers above the lanes indicate hours p.i.; M, mock-infected cells. Numbers to the right represent the sizes (in
kilodaltons) of the marker proteins. The position of the ODVP-6E protein is indicated by the arrow to the left. (b) Overexposure of a Western blot
of OpMNPV-infected Ld652Y cells showing the presence of ODVP-6E at 18 and 24 hr p.i. Labeling is the same as in a. (c) Western blot analysis
of OpMNPV BV showing that ODVP-6E is not associated with this viral form. (d) Western blot analysis of ODV viral proteins probed with ODVP-6E
polyclonal antisera. Occlusion bodies were fractionated using the protocol of Gombart et al. (1989) to determine the approximate location of ODVP-
6E in the occluded virus structures. For complete details see Materials and Methods. DAS-S, supernatant of polyhedra dissolved in alkali; DAS-P,
pellet containing virions after solublization in alkali; SDS-S, soluble proteins from DAS-P after treatment with SDS; SDS-P, insoluble proteins from
DAS-P after treatment with SDS; ME-S, soluble proteins from DAS-P after treatment with SDS and 2-ME; ME-P, insoluble proteins from DAS-P after
treatment with SDS and 2-ME.
which is similar to the predicted size of 41.7 kDa. 6E could be localized to the envelope region of preoc-
cluded bundles of virions (Fig. 6A). Within polyhedra, theHowever, analysis of AcMNPV ODV proteins detected
four proteins of 63.3, 54.3, 44.7, and 38.4 kDa with the protein was detected only in the virion bundles and not
in the polyhedrin matrix or the polyhedral envelope (Fig.54.3-kDa protein having the highest levels (Fig. 5). A
recent detailed analysis of the AcMNPV gene also 6B). The binding to the virion bundles and apparent local-
detected multiple proteins in ODV (Braunagel et al., ization to the membranes surrounding the virions would
1996).
AcMNPV polyhedra were used to determine the loca-
tion of ODVP-6E in AcMNPV polyhedra using immuno-
electron microscopy. The micrographs show that ODVP-
TABLE 1
Percentage Identity and Similaritya between
the ODVP-6E Amino Acid Sequences
OpMNPV CfMNPV AcMNPV HzSNPV CpGV
OpMNPV 100 85.8 (92.0) 69.8 (82.5) 51.7 (70.6) 46.8 (65.1)
CfMNPV 100 69.0 (81.6) 51.7 (69.9) 45.9 (65.1)
AcMNPV 100 51.7 (69.9) 45.5 (65.2)
HzSNPV 100 44.5 (66.4)
CpGV 100 FIG. 5. Western blot analysis of AcMNPV-infected Sf9 total cell pro-
tein and ODV using OpMNPV ODVP-6E antisera. Total cell protein from
5 1 104 AcMNPV-infected Sf9 cells or OpMNPV-infected Ld652Y cellsNote. Comparisons were performed using the default parameters of
the GAP program of UWGCG V8.0 (Devereux et al., 1984). was isolated at 48 hr p.i. ODV were prepared according to Gombart
et al. (1989). M, mock; 48, 48 hr p.i.; ODV, occlusion-derived virus.a Similarities are shown in parentheses.
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ORF is a conserved late gene transcriptional start site,
ATAAG (Fig. 7b), which suggests that it is also a late
gene similar to the OpMNPV gene. Comparison of
OpMNPV and CpGV ODVP-6E shows that at the amino
acid level the two proteins are 46.8% identical (Table 1),
indicating that there has been significant evolutionary
pressure to maintain the amino acid sequence of this
protein in these two distantly related viruses.
Two additional odvp-6e genes have been sequenced
and are available from the GenBank database. They con-
FIG. 6. Electron micrographs showing immunogold labeling of
sist of the complete gene sequence from CfMNPV andAcMNPV preoccluded enveloped virions (A) and polyhedra (B) using
a partial gene sequence from HzSNPV. Comparison ofOpMNPV ODVP-6E antisera. The locations of the nucleocapsids (n),
the virion envelope (env), and the polyhedral protein matrix (ph) are the ODVP-6E sequences reveals a high level of conserva-
shown. Bar represents 100 nm in (A) and 400 nm in (B). tion between these viruses. Figure 8a shows an align-
ment of all the available sequences with the amino acids
that are identical in all proteins boxed and similar aminoagree with the fractionation experiments described
acid residues are shaded. Table 1 shows the percentageabove (Fig. 4d).
identity and similarity between each of the individualCrook et al. (1993) previously reported the sequence
pairs of ODVP-6E amino acid sequences. The most simi-of iap in CpGV. Comparison with that sequence showed
lar are OpMNPV and CfMNPV, followed by AcMNPV andthat a partial ORF adjacent to iap was a homologue of
the more distantly related HzSNPV and CpGV.odvp-6e. The entire CpGV odvp-6e was therefore se-
The primary amino acid sequence shows that therequenced, which is shown in Fig. 7. Analysis of the CpGV
is a single asparagine-linked glycosylation site that issequence shows that the ORF codes for a protein with
a predicted Mr of 38,655. In addition, upstream of the conserved in all of the complete sequences (Fig. 8). In
FIG. 7. Genomic location and sequence of odvp-6e of CpGV. (a) Schematic diagram showing the genomic location of the CpGV odvp-6e that is
adjacent to iap (Crook et al., 1993). (b) Nucleic acid sequence and predicted amino acid sequence of CpGV ODVP-6E. A late gene consensus
transcriptional start site is shown (box). Numbers to the right refer to the nucleic acid sequence (top) or the amino acid sequence (bottom). The
nucleic acid sequence starts 1.0 kb from the SalI site (at 915 bp relative to the sequences of Crook et al., 1993). The partial amino acid sequence
of CpGV IAP at the 3* end of the odvp-6e sequences is shown along with the associated polyadenylation signal sequence (boxed).
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FIG. 8. Comparisons of ODVP-6E amino acid sequences and hydropathy profiles. (a) Amino acid alignments of the predicted ODVP-6E proteins
of OpMNPV, CpGV, AcMNPV, CfMNPV, and the partial sequence of HzSNPV. Boxed amino acids indicate 100% identity, and shaded amino acids
indicate similarity. The two hydrophobic domains are indicated by lines above and below the sequences. Conserved cysteine residues are indicated
(*), as well as the conserved N-linked glycosylation site (Glycos.). (b) Predicted hydrophobic profiles of each ODVP-6E protein showing the distinct
hydrophobic domains (delineated by dashed lines). Profiles were generated using the GeneWorks (IntelliGenetics, Inc.) hydropathy analysis (Kyte
and Doolittle, 1982). Values for amino acid positions are shown on the X axis and hydrophobicity values are shown on the Y axis.
addition, there is a cluster of six cysteine residues, lo- profiles are very similar (Fig. 8a) and of note are two
prominent hydrophobic regions of approximately 28 andcated between amino acids 200 and 300, that is con-
served in all five sequences. Comparison of the hydro- 30 amino acids that are located on either side of the
cluster of six cysteine residues (Figs. 8a and 8b). Thisphobicity plots of these proteins indicates that all the
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FIG. 8 —Continued
size of the hydrophobic region is similar to many mem- ralis NPV (SlNPV), and Mamestra brassicae NPV
(MbMNPV), respectively. In the GV samples proteins ofbrane-spanning domains that have been identified, in-
cluding that of the predicted membrane-spanning do- 33.8, 41.5, 32.4, and 38.5 kDa were detected in Choristo-
neura viridis GV (CvGV), Plutella xylostella GV (PxGV), S.main of EFP (GP64) (Blissard and Rohrmann, 1989; Oo-
littoralis GV (SlGV), and T. ni GV (TnGV), respectively,mens et al., 1995; von Heijne, 1994).
whereas in AsGV, CpGV, Heliothis punctigera GV (HpGV),The high degree of sequence conservation between
and Lacanobia oleracea GV (LoGV), no significant cross-ODVP-6E from the different baculoviruses showed that this
reactions with ODV proteins were detected. These resultsgene may be present in all baculoviruses and it was possi-
indicate that this gene does appear to be present in able that our antisera may cross-react with many different
broad spectrum of baculoviruses but the protein varies inspecies of virus. We therefore screened a panel of both
size. In addition, multiple forms of this protein were de-NPVs and GVs to determine if ODVP-6E-related proteins
tected in AsNPV ODV preparations as was shown forcould be detected in each of these species of virus. Figure
OpMNPV (Fig. 4) and AcMNPV (Fig. 5).9 shows a Western blot of ODV from four additional NPVs
and eight GVs. In the NPV samples the OpMNPV ODVP-
DISCUSSION6E antisera detected 33.3- and 79.3-kDa proteins in Agrotis
segetum NPV (AsNPV) and 41.9-, 30.6-, and 35.1-kDa pro- The baculoviruses are unique in that they have a bi-
phasic life cycle that produces two genetically identicalteins in Buzura suppressaria NPV (BsNPV), Spodoptera litto-
AID VY 7799 / 6a13$$$421 02-29-96 21:31:13 vira AP: Virology
157BACULOVIRUS PROTEIN SPECIFIC FOR ODV
the four genes that have been completely sequenced
(Fig. 8). ODVP-6E could also have other potential modifi-
cations such as addition of lipid moieties, phosphoryla-
tion, or proteolytic cleavage. The latter could account for
the low-molecular-weight forms of the AcMNPV ODVP-
6E that are observed (Fig. 5).
ODVP-6E as determined by fractionation and immuno-
electron microscopy appears to be a membrane protein
of occluded virions. The primary structure would agree
with this observation due to the presence of two hy-FIG. 9. 12% SDS–PAGE and Western blot analysis of NPV and GV ODV
drophobic domains which are of the approximate size toproteins immunoreative with OpMNPV antisera. Proteins immunoreative
with OpMNPV antisera were detected in the ODV of OpMNPV, AsNPV, be membrane-spanning domains and are separated by
BsNPV, SlNPV, MbMNPV, AsGV, CvGV, PxGV, SlGV, and TnGV. Immunore- a region containing six conserved cysteine residues (von
active proteins were not detected in CpGV, HpGV, or LoGV. Molecular Heijne, 1994; Fig. 8). This general structure is conservedweights of marker proteins are shown to the right of each blot.
by all the ODVP-6Es that have been sequenced.
The cysteine-rich domain could represent a region that
is required for intramolecular or intermolecular crosslink-but morphologically different viral forms. These are the
BV and ODV forms of the virus which are required for ing due to disulphide bridges. The conservation of the
cysteine residues in all the ODVP-6E proteins indicatesspread of the viral infection in the insect and in the envi-
ronment, respectively. Purified BV and ODV have been their importance, suggesting that the formation of disul-
phide bridges is required for protein structure or function.shown to contain many proteins which are in common.
The proteins that are unique for each viral form may be Fractionation of occlusion bodies (Fig. 4) suggests that
ODVP-6E is not crosslinked to the nucleocapsid sincerequired for transmission of the individual viral forms in
some capacity. In this study we report the characteriza- the protein is solubilized by SDS.
Amino acid comparisons of odvp-6e in CpGV show ation of an ODV-specific protein called ODVP-6E. We re-
port the sequence of the evolutionarily related genes high degree of similarity to the distantly related NPVs. In
addition, our antiserum to the OpMNPV protein wasfrom OpMNPV and CpGV which show that odvp-6e is
one of the more highly conserved baculoviral genes. shown to react with all the NPVs tested and four of eight
GVs tested and the size of these proteins ranged fromTranscriptional mapping of odvp-6e showed that it be-
haves similarly to all baculovirus late genes. odvp-6e 30.6 to 41.9 kDa. These results suggest that this gene
will be present in most baculovirus species. The analysismRNAs are first detected on Northern blots from 18 hr
p.i. and initiate from a consensus late gene motif, TTAAG. of AcMNPV ODVP-6E by Western blot analysis showed
that one major form of approximately 40 kDa is observedLevels increase significantly at 36 hr p.i. as indicated by
both the Northern and the Western blots (Fig. 2). This in total cell extracts. This agrees well with the predicted
size of 41.3 kDa. Yet analysis of the ODVP-6E from occlu-indicates that odvp-6e is a baculovirus late gene. Com-
parison of the promoters of odvp-6e in OpMNPV, sion bodies identified four immunoreactive bands of 63.3,
54.3, 44.7, and 38.4 kDa. The multiple forms of ODVP-CfMNPV, AcMNPV, and CpGV showed that a late gene
concensus (A/TTAAG) is conserved 17, 8, 12, and 12 bp 6E indicate that for the AcMNPV protein posttranslation
modifications are occurring, including possible proteo-upstream from the ATG, respectively (data not shown).
Upstream of the A/TTAAG very little homology in the lytic processing since forms smaller than the predicted
size are observed.promoter sequence is observed which is similar to other
highly conserved late genes (Possee and Howard, 1987; In summary, we have presented data showing the
analysis of the highly conserved late gene odvp-6e. WePossee and Kelly, 1988).
Western blot analysis showed that the OpMNPV report the nucleotide sequence and predicted amino acid
sequence ofboth the OpMNPV and the CpGV genes.ODVP-6E expression remained detectable up to 96 hr
p.i., which agrees with its apparent role as an envelope Transcriptional analysis and Western blot analysis have
shown that this gene is a late gene that produces aprotein of the occlusion-derived virus. Two predominant
forms of OpMNPV ODVP-6E of 43 and 46 kDa can be protein that comprises a structural component of the ODV
viral form and appears to localize to the virion membrane.detected in infected cell extracts and in ODV (Fig. 4). The
predicted molecular weight of this protein is 40.2 kDa, Future studies will determine the importance of this gene
in the baculovirus infection cycle.which is similar to the smaller form. The higher molecular
weight forms of ODVP-6E relative to the predicted sizes
may be due to posttranslational modifications. The pri- ACKNOWLEDGMENTS
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